Introduction
Thalassemia is the most common inherited blood disorder in Southeast Asia, which is caused by reduced or absent synthesis of the globin chains of hemoglobin leading to imbalance of the globin chains. α-Thalassemia is one of the major thalassemia types and is caused by mutation in either α 1 -globin gene (HBA1) or α 2 -globin gene (HBA2) on chromosome 16 . 1 The genetic mutation results in clinical variable depending on the decreased or absent α-globin chain. In Thailand, the most common type of α-globin gene mutation is the deletion of two α-globin genes (α-thalassemia 1) specifically named as Southeast Asian (SEA) type deletion (--submit your manuscript | www.dovepress.com
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Traivaree et al mutation in Thailand is hemoglobin Constant Spring (Hb CS, αα CS ). Hemoglobin E (Hb E) which is one of the most common HBB gene mutations in Southeast Asia can present with either hemoglobinopathy or thalassemic phenotype associated with diverse clinical manifestations.
The clinical and hematological manifestation of α-thalassemia is variable ranging from silent carrier to fatal Hb Bart's hydrops fetalis syndrome. Interaction of α-thalassemia 1 and α-thalassemia 2 causes hemoglobin H (Hb H) disease and interaction of Hb H disease with heterozygous Hb E results in AE Bart's disease. 2, 3 Hb H is characterized into two main forms including deletional and non-deletional Hb H diseases. Deletional Hb H disease is caused by a combination of deletion removing both α-globin genes on one chromosome 16 and deletion removing only single α-globin gene on the other chromosome 16. Non-deletional Hb H disease results from a combination of deletion removing both α-globin genes on one chromosome 16 and point mutation or small insertion/deletion involving either the HBA1 or HBA2 gene on the other chromosome 16 . The correlation between clinical phenotypes, hematological parameters, α-globin genotypes, and laboratory biomarkers in different populations had been studied. [4] [5] [6] The aim of this study was to investigate phenotypic manifestations of these α-globin gene mutations by studying their hematologic parameters, hemoglobin typing, age at presentation, transfusion requirement, age and height in both Hb H disease and AE Bart's disease forms of α-thalassemia. The genotype-phenotype correlation of each mutation including laboratory biomarkers and genetic profiles in children with Hb H disease and AE Bart's disease treated at Phramongkutklao Hospital, a tertiary care center for thalassemia patients in central Thailand, was presented.
Patients and methods
Patient selection
Seventy-six α-thalassemia patients, who were treated at the Hematology Clinic, Department of Pediatrics, Phramongkutklao Hospital, Bangkok, Thailand, were enrolled in this study. Written informed consent and assent form were obtained from all participants as well as parents or guardians of the children prior to the enrollment in the study. The study protocol was approved by the Institutional Review Board of Phramongkutklao Hospital and College of Medicine, Bangkok, Thailand, following the ethical principles of the Declaration of Helsinki of 1975 and its revision. The inclusion criteria include patients who were diagnosed with Hb H disease and AE Bart's disease at ≤18 years of age and written informed consent and assent to participate in our study. The patients who had incomplete data including hematological data, hemoglobin typing, and α-globin genes mutation analysis from medical records were excluded from the study.
A total of 58 patients with Hb H disease and 18 with AE Bart's disease were included. The majority of patients came from the central part of Thailand. Patients with α-thalassemia were clinically classified into transfusion dependent and non-transfusion dependent. Patients were also examined for growth parameters. Patients with α-thalassemia were diagnosed on the basis of age at first transfusion, transfusion requirement, physical examination, and also on the basis of tests including hematological data, laboratory biomarkers, hemoglobin typing, and α-globin genes mutation analysis. A complete clinical history was recorded along with growth parameters. Hematological data, laboratory biomarkers, and hemoglobin typing were obtained retrospectively from medical records.
Hematological and biochemical parameters
Hematological analyses were carried out using Coulter HMX Automated Hematology Analyzer (Beckman Coulter Corporation, Miami, FL, USA). Hemoglobin profiles and fetal hemoglobin (HbF) concentrations were determined using capillary electrophoresis (CE; Minicap system, Sebia, Parc Technologique Leonard de Vinci, France).
Genetic analysis
A total of 76 peripheral blood EDTA samples from all individuals were collected. Genomic DNA was extracted from peripheral blood lymphocytes using commercially available kits according to manufacturer's protocol. Molecular analysis for HBA1 and HBA2 mutation was performed. 7, 8 In brief, multiplex gap-polymerase chain reaction (PCR) was first used to characterize common α-globin gene deletions in Southeast Asian populations including α-thalassemia 1 [SEA (--SEA ) and THAI (--THAI ) deletion] and α-thalassemia 2 [3.7 kb (-α 3.7 ) and 4.2 kb (-α 4.2 ) deletion]; multiplexamplification refractory mutation system was performed to detect common non-deletional α-globin gene mutations including Hb CS and hemoglobin Paksé (Hb PS); 9 and direct DNA sequencing of all coding regions and exonintron boundaries of both genes was finally used to detect unknown non-deletional α-globin gene mutations. 10 The Application of Clinical 
Results
Characteristics of patients
Seventy-six α-thalassemia patients treated at Phramongkutklao Hospital were retrospectively reviewed and analyzed. Characteristics of patients are listed in Table 1 
Hematologic and hemoglobin typing data
Clinical characteristics and laboratory findings of the patients with Hb H disease were analyzed and compared with those of patients with AE Bart's disease, as described in Table 2 . Among various hematologic data, only mean corpuscular volume (MCV) and mean corpuscular hemoglobin (MCH) showed statistical difference in patients with Hb H disease (60.1±9.1 fL and 17.8±2.7 pg) compared to those with AE Bart's disease (51.6±6.3 fL and 15.9±1.9 pg) (p<0.001 and 0.009, respectively).
Reticulocyte count, HbA 2 , and HbA were significantly higher in patients with Hb H disease compared to those with AE Bart's disease (p <0.05), as described in Table 2 . In addition, inclusion bodies that are dense blue-stained particles in red blood cells containing protein, ribosomal components, or DNA/RNA fragments were found to be significantly higher in patients with Hb H disease (58.4±32.9%) than in patients with AE Bart's disease (0.5±0.5%) (p<0.001). ) mutation was the most common deletional α-globin mutation in α-thalassemia 1 (98.6%) followed by THAI (--
) mutation was most commonly found (89.2%) followed by 4.2 kb deletion (-α 4.2 ) mutation (10.8%). Hb CS was the most common non-deletional α-globin mutation in α-thalassemia 2 (89.7%). The less common non-deletional α-globin mutations included hemoglobin QS (Hb QS), Hb PS, and initiation codon mutation, respectively.
Genotypic and phenotypic correlation
Clinical and baseline laboratory parameters in patients with Hb H disease were reviewed (Table 4) . Baseline complete blood count (CBC) in patients with Hb H disease was reviewed, and hemoglobin level was found to be significantly lower in patients with non-deletional Hb H disease (7.9±1.4 g/dL) compared to hemoglobin level in patients with deletional Hb H disease (9.0±1.8 g/dL) (p=0.011). In addition, patients with non-deletional Hb H disease was noted to have significantly higher MCV (64.3±7.3 fL) compared to patients with deletional Hb H disease (55.9±8.8 fL) (p<0.001). 
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Clinical and molecular genetic features of Hb H and AE Bart's diseases
Clinical and baseline laboratory parameters in patients with AE Bart's disease were reviewed as described in Table 5 . Characteristics of patients with AE Bart's disease showed that 7 out of 10 patients with non-deletional AE Bart's disease (70%) required blood transfusion compared to 1 out of 8 patients with deletional AE Bart's disease (12.5%) (p=0.025).
Baseline CBC and hemoglobin level were found to be significantly lower in patients with non-deletional AE Bart's disease (7.7±1.1 g/dL) compared to patients with deletional AE Bart's disease (9.6±0.8 g/dL) (p=0.001). In addition, patients with non-deletional AE Bart's disease were noted to have significantly higher MCV (55.4±5.8 fL) compared to patients with deletional AE Bart's disease (47.0±2.8 fL) (p=0.002).
Among all 58 patients with Hb H disease and AE Bart's disease enrolled in this study, 19 patients (25%) were categorized into the transfusion-dependent thalassemia (TDT) group in which they required regular blood transfusion to keep the hemoglobin level between 9.5 and 10.5 g/dL along with iron chelation therapy in those with iron overload.
Fifty-seven out of 76 patients (75%) were categorized into the non-transfusion-dependent thalassemia (NTDT) group in which they usually had mild anemia and had average hemoglobin level between 7 and 10 g/dL and might require intermittent blood transfusion when their hemoglobin decreased from some specific reasons such as infections. Growth parameters were also reviewed and analyzed between TDT and NTDT patients. There were no statistical differences in height (p=0.41), average weight (p=0.37), and BMI (p=0.49) between the two groups.
Discussion
α-Thalassemia is one of the most common genetic disorders in Thailand. Molecular pathology of disease can be due to the deletion of one α-globin gene called α-thalassemia 2 or -α, the deletion of two α-globin genes called α-thalassemia 1, or the specific mutation of α-globin gene (α Tα or αα T ). Lal et al 12 evaluated 86 patients with Hb H disease and reported that 60 of those patients (70%) had deletional α-globin mutation, 23 patients (27%) had non-deletional Hb CS (αα CS ), and the remaining three patients (3%) had other specific non-deletional α-globin mutations.
The occurrence of α-thalassemia 1 and α-thalassemia 2 contributes to Hb H disease, which is common in Southeast Asia where there is a high prevalence of SEA deletion α-thalassemia 1 and 3.7 kb deletion α-thalassemia 2. In addition, b-globin gene mutation, especially b E , is also common in Southeast Asia and accounted for 20%-50% in Thai population. 13 Therefore, it is not uncommon to witness AE Bart's disease patients having both Hb H disease and heterozygous Hb E. Genetic analysis was performed to identify α-globin gene mutation in patients with Hb H disease, and the results showed that the most common α-globin gene mutation in patients with Hb H disease was SEA deletion α-thalassemia 1 with Hb CS (αα CS ) (--SEA /α CSα ) that accounted for 50% of patients, followed by SEA deletion α-thalassemia 1 with 3.7 kb or rightward deletion α-thalassemia 2 (--SEA /-α 3.7 ) that accounted for 41.3% of patients. 14 In our study, genetic analysis was also performed in 18 patients with AE Bart's disease. Among those 18 AE Bart's disease patients, non-deletional α-globin mutation (55.6%) was found to be more common than deletional α-globin mutation (44.4%). The most common type of non-deletional AE Bart's disease was SEA deletion α-thalassemia 1 with Hb CS [(-- 
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The diversity in α-globin gene mutations in patients with Hb H disease and AE Bart's disease was largely resulting from geographical differences in the population in Thailand. In this study, most of our patients treated at Phramongkutklao Hospital resided in central Thailand. Although Thai type α 0 -thalassemia was initially found in Thai patients with Hb H disease, the mutation was only reported in 1 out of 58 Hb H patients (1.7%) in this study. This mutation is ATG>_TG (HBA2:c.1delA), which is the initiation codon mutation that possibly affects the downstream α-globin gene expression. Recently, it has been reported in Thai population. 16 Our patient may be one of those cases who carries this rare mutation. In our study, comparison of clinical spectrum and severity between patients with Hb H disease and AE Bart's disease was evaluated. Patients with Hb H disease had higher MCV (60.1±9.1 fL) than patients with AE Bart's disease (51.6±6.3 fL) as shown in the study by Boonsa et al, 9 who reported average MCV of patients with Hb H disease (59.6 fL) being higher than those with AE Bart's disease (52.6 fL). The pathophysiology of low MCV is from oxidative damage secondary to free globin chains from abnormality of cell membrane in patients with thalassemia.
Hemoglobin typing was also performed on those patients with Hb H disease and AE Bart's disease. Hb H was found in patients with Hb H disease, but not in patients with AE Bart's disease. The pathogenesis of Hb H disease was from reduced or absent α-globin mRNA and α-globin chain leading to the α/b globin mRNA ratio being <0.5 and the α/b globin chain synthetic ratio in the range of 0.2-0.7. During the newborn period, overproduced g-globin chains will form g4 tetramers (hemoglobin Bart). In adults, overproduced b-globin chains will form b4 tetramers (Hb H), which can be detected by hemoglobin typing assay in very small numbers. Therefore, in the case of patients with AE Bart's disease who had additional b E heterozygous, the chance of detecting Hb H from hemoglobin typing assay will be very low and may be undetectable, especially using less sensitivity assay such as low-pressure liquid chromatography (LPLC). In addition, Hb H (b4) is unstable and has high affinity to oxygen causing less oxygen being transported to tissues. Therefore, erythrocytes produced in patients with Hb H disease will be unstable, broken easily and have short life-span. Furthermore, erythrocyte membrane in patients with Hb H disease and Hb CS is rigid and less flexible when passing through microcirculation causing the cell to be damaged. Accordingly, patients with Hb H disease and Hb CS will have clinical severity more than patients with Hb H disease alone. 17 The differences in clinical spectrum between patients with Hb H disease and patients with AE Bart's disease were observed in this study. The clinical severity of patients with non-deletional disease was generally more severe than clinical severity of patients with deletional disease as reported in the study by Bowden et al. 18 Due to less clinical severity of the patients with deletional α-thalassemia disease including Hb H disease and AE Bart's disease, some patients might be asymptomatic and therefore will not be diagnosed until adulthood when having infections causing severe hemolysis. The variation in clinical spectrum in those patients generally resulted from the different amounts of α-globin production in patients with deletional and non-deletional Hb H disease. α 2 -Globin gene can function and produce α-globin chain almost 3/4 of total α-globin production. This is more than α-globin production by α 1 -globin gene, which can produce α-globin chain only 1/4 of total α-globin production. 19 Most of the genotype abnormalities of deletional Hb H disease in this study, including SEA deletion α-thalassemia 1 with 3.7 kb or rightward deletion α-thalassemia 2 (--
), SEA deletion α-thalassemia 1 with 4.2 kb or leftward deletion α-thalassemia 2 (--SEA /-α 4.2 ), and THAI deletion α-thalassemia 1 with 3.7 kb or rightward deletion α-thalassemia 2 (--THAI /-α 3.7 ), had remaining functional α-globin gene (α 1 -globin gene or α 2 -globin gene) which can produce normal α-globin chain; therefore, the patients with deletional Hb H disease had no significant differences in their clinical severity. When patients with deletional Hb H disease are compared with patients with non-deletional Hb H disease, clinical severity of patients with non-deletional Hb H disease specifically Hb CS was more prominent than patients with deletional Hb H disease. The remaining α-globin gene (α 2 -globin gene) in patients with deletional Hb H disease had the capability to produce more α-globin chain than α 1 -globin gene, thereby causing imbalance between α-globin chain and accordingly b-globin chain being less severe than those from patients with non-deletional Hb H disease. This could be the reason of less clinical severity in patients with deletional Hb H disease compared to patients with non-deletional Hb H disease as described in the study by Bowden et al. 18 In our study, four patients underwent splenectomy. Three patients had non-deletional Hb H disease and one patient had non-deletional AE Bart's disease. All patients also had Hb CS. Sripichai et al 20 also reported that patients with non-deletional Hb CS had more clinical severity due to the unstable α-globin chain produced from mutated α-globin gene, which causes increased breakage of red blood cells leading to increased spleen size and requirement for blood transfusion. 
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In general, thalassemia can be divided into two groups: TDT and NTDT. TDT patients usually are anemic and do require regular blood transfusion to maintain hemoglobin level between 9.5 and 10.5 g/dL, with iron chelation administration in the case of developing iron overload. In our study, 19 patients were classified as TDT, which accounted for 25% of total patients. NTDT patients usually are less anemic with an average hemoglobin level of 7-10 g/dL and do not require regular blood transfusion. Fucharoen et al 21 and Galanello et al 22 reported that adult patients with a deletion Hb H disease also had less transfusion requirements than those with a non-deletional Hb H disease which higher serum ferritin levels than those with the deletional type of disease. Our study also showed increased serum ferritin level though the patients did not receive blood transfusion. These mechanisms may be explained due to the increased absorption of dietary iron, ineffective erythropoiesis, and higher proportions of patients with transfusion therapy. 23 These patients are recommended to be closely monitored for tissue damage due to iron overload and iron chelation therapy.
Conclusion
α-Thalassemia is a very heterogeneous disease in terms of presentation, and the genotype-phenotype correlation is not clear. The molecular characterization as performed in this study is useful not only for diagnostic confirmation but also for carrier detection and genotype-phenotype correlation for both α-thalassemia and complex αb thalassemia syndrome.
The differentiation of α-thalassemia is essential for appropriate management of patients. The accurate diagnosis of patient with mild clinical characteristics would avoid unnecessary transfusions and their complications.
